The paper presents an experimental investigation of combusting methane-hydrogen mixtures, pilotignited by diesel fuel, on a naturally aspirated, direct injection compression ignition engine. The tests were performed with two diesel fuel flow rates for pilot-ignition, and the engine was supplied with different quantities of methane-hydrogen mixtures (in various proportions) to vary the engine load between 0 and 7 bar IMEP. In addition, engine in-cylinder gas samples were collected with two geometric sampling arrangements and at various instants during the engine cycle, to measure species concentrations within the engine cylinder.
on the engine via the glow plug adaptor. The engine pressure and temperature data was logged to PCs utilizing National Instruments (NI) data acquisition systems; information such as net apparent heat release rates and the indicated mean effective pressures were then derived from the acquired data.
A positive displacement volumetric air flow meter (Romet G65) measured the flow of air supplied to the naturally aspirated engine. CH4 and H2 gas were supplied from compressed gas bottles at a pressure of 2 bar, metered using Bronkhorst thermal mass flow controllers, and fed into the engine intake manifold 350 mm upstream of the inlet valves. The diesel fuel was gravity fed from the fuel reservoir to the high pressure pump, and was then pumped via the common rail to the fuel injector.
An automotive Delphi DFI 1.3 (6 hole, 154 µm hole diameter) servo-hydraulic solenoid valve fuel injector was used for the direct injection of diesel fuel; the pressure, timing and duration of diesel fuel injection was controlled using the EmTronix EC-GEN 500 engine control system.
A Horiba MEXA-9100HEGR exhaust gas analyser rack was utilized for the analysis of gaseous exhaust emissions; this incorporated a chemiluminescence analyser for NOx measurements, a magnetopneumatic analyser for measuring O2 concentration, a flame ionization detector for THC emissions and a non-dispersive infrared absorption analyser for CO and CO2 emissions. The Cambustion DMS500 differential mobility spectrometer was used to measure the exhaust particulate mass, number and size distribution. The exhaust gas was taken 30 mm downstream of the exhaust valves and transferred to the analysers via heated lines which were maintained at 190°C and 80°C for the Horiba MEXA and DMS500 respectively. Figure 1 shows a schematic of the test facility, including CH4 and H2 delivery. 
In-cylinder gas sampling system
The in-cylinder gas sampling system used in this study has been described in detail in Talibi et al. [32] and includes an electromagnetically actuated, fast-acting, poppet-type sampling valve and a heated dilution tunnel. Figure 2 shows a schematic of the sampling valve construction; it can be observed that the electromagnetic armature of sampling valve is not connected directly to the valve. This feature, based on the 'percussion' principle [32] , allows shorter sampling durations (< 1ms), enabling the in-cylinder gas to be extracted from the combustion chamber during a very short window of a few crank angle degrees (CAD). When charged, the armature accelerates towards the valve stem, impacting it with a force large enough to open the poppet valve very briefly (period of order 6-10 CAD), allowing a small sample of in-cylinder gas to flow from the engine cylinder into the valve. The displacement of the poppet valve (of order 0-0.5 mm) was monitored with a sensitive Kaman LVDT (linear variable displacement transducer) sensor. The sampling valve was timed with the crank-shaft encoder (to a resolution of 0.2 CAD) and could therefore be opened at any desired crank angle in the engine cycle. The sampling valve was installed in the engine head, replacing one of the two inlet valves, with the valve tip penetrating 8 mm into the combustion chamber. Figure 3 shows the relative positions of the sampling valve and the diesel fuel injector inside the engine head with respect to the piston TDC position. The gas sample extracted using the sampling valve was fed to the heated dilution tunnel (maintained at 200°C) which was used to buffer the gas samples and mix them with heated nitrogen gas (at 180°C). This was done to increase the in-cylinder sample volume sufficiently so it could match the flow requirements of the Horiba emissions analyser rack. The molar CO2 concentrations of the undiluted and the N2-diluted in-cylinder gas samples were measured and used to calculate the degree of N2 dilution [32] .
Flow calculations through the valve seat indicate that the combined reduction in temperature due to the gas expansion from cylinder gas pressure (40 to 100 bar) to the valve seat exit (at choked conditions) and heat transfer to the valve seat would result in a significant drop in temperature at the valve seat exit (of about 800-1200 K). Additionally, further irreversible expansion of the gas sample to near atmospheric pressure and heat transfer to the walls will occur as the sample travels through the cavity (annulus) that follows the valve seat. This substantially reduces the temperature of the extracted in-cylinder gas sample, hence slowing down reactions in the sample. Thus the composition of the sample gas measured by the analysers can be assumed to be representative of the stable species in the combustion chamber at the time of their extraction.
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Experimental procedure and fuels used
The tests reported in this paper were conducted at a common-rail fuel injection pressure of 900 bar, diesel fuel injection timing of 10 CAD BTDC and at an engine speed of 1200 rpm. The diesel fuel used for the tests had a cetane number of 53.2, carbon to hydrogen ratio of 6.32:1 by mass, with zero FAME (fatty acid methyl ester) content. Compressed hydrogen and methane gas of purity 99.995%
and 99.5%, respectively, were obtained from a commercial gas supplier (BOC).
Experimental set 1: Exhaust emissions
The first set of experiments consisted of fixing the flow rate of diesel fuel supplied to the engine (pilot diesel fuel flow rate), while varying the amount of CH4-H2 mixture being fed into the engine to vary the engine load. The fixed diesel fuel flow rate was used to ignite the aspirated CH4-H2 mixture, henceforth referred to as the pilot diesel fuel IMEP. Two series of tests were conducted and during the first series the pilot diesel fuel flow rate was kept fixed to achieve an engine load of 0 bar IMEP (270 μs diesel fuel injection duration, 1.40 ml/min) from diesel fuel only (that is, without any CH4 or H2 being supplied to the engine). For a pilot diesel fuel only IMEP of 0 bar, no heat release could be discerned from the analysis of in-cylinder gas pressure. Therefore the diesel flow rate, equivalent to a pilot diesel IMEP of 0 bar, was taken to be minimum flow rate below which no spray emerges from the diesel injector nozzle. Nevertheless, the diesel flow rate, equivalent to a pilot diesel IMEP of 0 bar, was observed to be sufficient to ignite the aspirated CH4-H2-air mixture at all engine loads up to 7 bar IMEP (with low cycle-to-cycle variation in IMEP). During the second series of tests, the diesel pilot fuel flow rate was again kept fixed, but this time it was increased so that the engine developed a load of 1.5 bar IMEP (350 μs diesel fuel injection duration, 3.65 ml/min) without any CH4 or H2 addition.
For each of the two pilot diesel fuel IMEPs of 0 and 1.5 bar, the above procedure was repeated for a variety of CH4-H2 mixture ratios, ranging from 20% CH4: 80% H2 (v/v) to 80% CH4: 20% H2 (v/v), as can be seen in Table 2 ; for each of the mixtures the flow rate was varied (with fixed pilot diesel fuel flow)
to vary the engine load. It should be noted that increasing flow rates of the aspirated CH4-H2 mixture displaced some of the air induced by engine, thereby progressively reducing engine intake air flow with increasing engine load. Figure 4 shows the energy supplied to the engine from the H2 as a function of the total energy (CH4-H2 mixture plus diesel) supplied to the engine and the percentage of O2 in the intake charge, for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 mixture ratios. Table 3 lists the properties of diesel fuel, methane and hydrogen used in these experiments [1, 33, 34 ]. 
Experimental set 2: In-cylinder gas sampling
A second set of experiments was conducted using the sampling system to extract gas samples from the engine cylinder; the pilot diesel fuel flow rate was fixed so as to provide an engine load of 1.5 bar IMEP. At an engine load of 1.5 bar IMEP, and with no CH4 or H2 addition, the measured NOx concentrations were observed to be negligible. Therefore, when the CH4-H2 mixture was added in the course of the in-cylinder sampling experiments to increase the engine load, it was assumed that any observed NOx could be primarily attributed to the presence of the CH4 and H2.
The tests were conducted at a constant overall engine load of 4 bar IMEP, with the pilot diesel fuel contributing 1.5 bar of the total engine IMEP and the CH4-H2 mixture supplying the balance of 2.5 bar IMEP. Two CH4-H2 mixture ratios of 20% CH4: 80% H2 (v/v) and 80% CH4: 20% H2 (v/v) were utilised so as to provide a significant contrast between the in-cylinder gas composition obtained from the two series of experiments. Gas samples were extracted from the combustion cylinder using two different sampling arrangements, relative to one of the diesel fuel spray plumes, as can be seen in Figure 5 . With the first arrangement, gas samples were collected from a region of high diesel fuel 
concentration within the core of one of the diesel fuel spray plumes, while with the second arrangement samples were collected from an area of relatively low diesel fuel concentration between two fuel spray plumes. Since the sampling valve could not be spatially moved in the engine head, the change in the sampling arrangement was achieved by rotating of the centrally-located injector. Prior to the in-cylinder gas sampling tests, the positions of the fuel spray core and its boundary were experimentally determined by rotating the diesel fuel injector in small steps and measuring the levels of unburned hydrocarbons in the in-cylinder gas sample at each injector rotation. This methodology allowed approximate fuel spray boundaries to be sketched, shown by means of broken lines in Figure 5 .
For each of the two relative sampling arrangements shown in Figure 5 , gas samples were extracted at a number of sampling timings in the engine cycle, from 20 CAD BTDC to 100 CAD ATDC in incremental crank angle steps ranging between 10 and 20 CAD. This allowed in-cylinder gas samples to be obtained at various stages of the combustion cycle; from before diesel fuel injection, through the ignition delay period, the premixed burn stage and the early and late diffusion burn stages.
(a) (b) , it can be seen that the rate of increase of heat release post ignition is considerably faster in the case of 1.5 bar pilot diesel fuel IMEP, leading to higher peak heat release rates closer to engine TDC. This is because at the higher pilot diesel IMEP of 1.5 bar, significantly more diesel is injected into the combustion chamber ( Table 2 shows the diesel fuel flow rates), and hence an appreciable amount of diesel fuel-air mixture is already premixed and prepared during the delay period, and combusts rapidly once ignition has occurred [35] . It can also be speculated that the larger volume of pilot diesel fuel being injected at 1.5 bar IMEP (as compared to 0 bar pilot diesel fuel IMEP) increases the number of ignition sites available for CH4 and H2 combustion, which along with diesel fuel combustion results in a larger proportion of energy being released closer to TDC, and hence higher peak heat release rates.
Now considering the heat release rate curves for the two CH4-H2 mixture proportions at the same pilot diesel IMEP of 1.5 bar, the peak heat release rate for a mixture ratio of 20CH4:80H2 is higher as compared to that for 80CH4:20H2, despite the ignition delay period being similar in both cases ( Figure 6 ). This could be attributed to H2 having a significantly lower ignition energy requirement as compared to CH4 [3] , which would result in the H2 being consumed quite quickly and leading to greater amount of energy release between 0 and 10 CAD ATDC when combusting the H2-rich 20CH4:80H2 mixture. Beyond 10 CAD ATDC, as the H2 becomes consumed, the heat release rate for the 20CH4:80H2 drops below that of the 80CH4:20H2. Figure 7 shows the ignition delay period and the peak heat release rates for the two pilot diesel fuel
IMEPs of 0 bar and 1.5 bar, at a variety of engine loads and CH4-H2 mixture proportions. For comparison purposes, Figure 7 also shows the ignition delay and peak heat release rates when the engine load is increased without any CH4 or H2 addition, that is, by merely increasing the amount of diesel fuel injected. Ignition delay is defined here as the duration in CAD between the start of diesel fuel injection (SOI) and the start of combustion (SOC). SOI is taken to be the time when the actuation signal is sent to the injector, whereas the SOC is defined as the first incidence of detectable heat release following autoignition of the diesel fuel. The increase in IMEP, above the pilot diesel fuel IMEP, is achieved by delivering increasing amounts of CH4-H2 mixtures to the engine. The most apparent feature in Figure 7 is the considerably longer ignition delay with CH4-H2 mixtures as compared to diesel only fuelling. It could be speculated that at the relatively low temperatures prevalent in-cylinder during ignition conditions, the CH4 and H2 remain intact and do not participate in the low temperature reactions leading to ignition; it may be suggested that they might even hamper the process by diluting the intake O2 and hindering oxidation reactions that lead to ignition.
For a pilot diesel fuel IMEP of 0 bar, the ignition delay period at the various engine loads is quite similar between the different CH4-H2 mixtures, with the only exception being at 7 bar IMEP where the ignition delay period decreases as the proportion of H2 in the CH4-H2 mixture increases. For a pilot diesel IMEP of 1.5 bar, differences in the ignition delay period between the various CH4-H2 mixtures can be observed above an engine load of 4 bar IMEP, whereby the ignition delay period initially decreases as the mixture proportion changes from 80CH4:20H2 to 50CH4:50H2, but then subsequently increases as the CH4 is further substituted by H2 ( Figure 7 ).
It can be observed from Figure 7 that the ignition delay period is shorter for the higher pilot diesel IMEP of 1.5 bar, as compared to 0 bar, for all test points. This is expected and can be attributed to the larger amount of diesel fuel being injected into the cylinder to achieve a 1.5 bar pilot diesel fuel IMEP. Diesel fuel is expected to ignite in near-stoichiometric pockets of fuel and air which increases local gas temperatures to about 2200 K [35] . A larger amount of diesel fuel igniting at the start of combustion results in a larger preheating effect of the intake charge; preliminary calculations indicate that the in-cylinder gas temperatures post diesel combustion would be 250 -300 K higher for a pilot diesel IMEP of 1.5 bar as compared to 0 bar. The higher pilot diesel IMEP also means that the diesel fuel is injected for longer into the cylinder and a higher number of sites are available (post diesel ignition) for the ignition of the aspirated CH4-H2 mixture. This results in higher rates of increase of heat release and higher peak heat release rates, as can be observed in Figure 6 .
For both the pilot diesel IMEPs of 0 and 1.5 bar IMEP, it can be seen from Figure 7 that for each CH4-H2 mixture, there is a general trend of an initial increase and then a subsequent decrease in ignition delay as the amount CH4-H2 mixture being supplied is increased (moving from left to right). Similar trends in ignition delay were also observed by the author when combusting H2-diesel fuel mixtures [31] . The initial increase in ignition delay could be attributed to a reduction in intake O2 (as it displaced by CH4 and H2), leading to a decrease in low temperature fuel breakdown reactions and delaying autoignition [35] [36] [37] . At engine loads higher than 3-4 bar IMEP, the ignition delay period decreased; this is believed to be due to elevated in-cylinder temperatures arising from higher engine loads. The peak heat release rates for each of the pilot diesel IMEPs, at all engine loads and CH4-H2 mixture proportions are quite similar except for the peak heat release rates for the 20CH4:80H2 mixture ratio at 0 bar pilot diesel IMEP, which shows an almost exponential increase in peak heat 16 release rates at engine loads above 4 bar IMEP. This is likely due to the increasing proportion of H2 in the in-cylinder gas mixture, resulting in smaller ignition delay periods and higher gas temperatures achieved post combustion.
4.2.
CO2, CO and unburned THC exhaust gas emissions is increased in order to increase the engine load. Comparing CO2 emissions between different CH4-H2 mixture proportions, as expected, the CH4-H2 mixtures with a higher proportion of H2 produce relatively less CO2 from combustion. Figure 8 also shows the exhaust emissions of CO2, unburned THC and CO when the engine load is increased without any CH4 or H2 addition, that is, by merely increasing the amount of diesel fuel injected. It is important to note from Figure 8 that at all engine loads, the CO2 emissions when combusting CH4-H2 mixtures (plus the pilot diesel fuel) are considerably lower compared to when burning only diesel fuel to develop the same engine load. This is due to CH4 having a lower carbon to hydrogen ratio as compared to diesel fuel, and hence resulting in lower CO2 emissions.
Now considering the unburned THC and CO emissions, for both pilot diesel IMEPs of 0 bar and 1.5 bar, it can be seen from Figure 8 that for each CH4-H2 mixture, as the engine load is increased (by increasing the supply of CH4-H2 mixture to the engine), there is a general trend of an initial increase in THC and CO emissions followed by a subsequent decrease. The initial increase in unburned THC
and CO emissions at engine loads of below 4 bar IMEP could most likely be attributed to the lean incylinder CH4-air and H2-air mixture stoichiometry, leading to increased quenching of the CH4 flame front. It is possible that below 4 bar IMEP, the generated flame front may not be able to sustain itself to consume all the aspirated CH4, resulting in considerable amounts of unburned CH4 passing into the exhaust (despite the in-cylinder CH4-air stoichiometry becoming less lean with increasing load).
As the engine load is increased above 4 bar IMEP, by aspirating a greater volume of CH4-H2 mixture, the residual in-cylinder gas temperatures become sufficient to improve CH4 oxidation rates and, therefore, result in lower unburned THC and CO emissions.
Comparing the unburned THC emissions between the two pilot diesel fuel flow rates, it can be observed from Figures 8 (c) and (d), that THC emissions are significantly lower (by a factor of 4 in some cases) for the higher pilot diesel fuel IMEP. As discussed earlier, this can be attributed to the higher preheating effect of the intake charge due to the larger volume of diesel fuel being injected into the cylinder. This leads to a larger number of near-stoichiometric pockets of diesel fuel-air mixture available for combustion following the ignition delay period and a greater number of sites for ignition of the aspirated CH4 post ignition. In addition, the higher in-cylinder gas temperatures due to the larger volume of diesel fuel combusting inside the chamber (in the case of 1.5 bar pilot diesel IMEP as compared to 0 bar) promoted the oxidation of hydrocarbons. Figure 9 shows the gaseous exhaust emissions of NOx for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 mixture proportions. Considering the tests carried out with a pilot diesel fuel IMEP of 0 bar, it can be seen from Figure 9 that at low engine loads, below 4 bar IMEP, NOx emission levels are low (< 100 ppm). However, above 4 bar IMEP, NOx levels in the exhaust gas rise steeply with increasing engine load. These results are comparable to the NOx exhaust emission results obtained with H2-diesel fuel co-combustion [31] , whereby NOx emissions significantly increased when the engine load rose above 4 bar IMEP. The adiabatic flame temperatures at the various in-cylinder H2-air equivalence ratios were calculated, and it was observed that above 4 bar IMEP, the temperatures crossed the threshold (1600K) for rapid thermal NOx formation [31] . Now considering Figure 9 , at engine loads lower than 4 bar IMEP, the temperatures resulting from the combustion of the very lean in-cylinder CH4-air and H2-air mixtures (φH2=0.02 and φCH4=0.35 at 80CH4:20H2 at an engine load of 4 bar IMEP) are below the rapid NOx production threshold temperature [35, 38] . However, as the CH4-H2 mixture being supplied to the engine is increased, to increase the engine load above 4 bar IMEP, the in-cylinder mixture concentration becomes sufficient for the post combustion gas temperatures to go above the level at which NOx formation rates accelerate significantly. This exponential increase in NOx production rates is expected as the incylinder CH4/H2-air mixture becomes less lean, and is consistent with the extended Zeldovich NOx formation mechanism [39] . Comparing the NOx emissions from the 20CH4:80H2 and 80CH4:20H2 mixtures, it can be observed from Figure 9 that NOx emission levels rise more rapidly when the mixture has a higher proportion of H2. As expected, this is due to H2 exhibiting a shorter ignition (Figure 9 ), similar trends to those described in the paragraph above can be observed with increasing engine loads and with different CH4-H2 mixtures. However, the NOx emissions start increasing rapidly above 3 bar IMEP, as compared to the 4 bar IMEP threshold observed with a pilot diesel fuel IMEP of 0 bar. This may be attributed to the higher amount of pilot diesel fuel being injected into the combustion chamber to achieve a 1.5 bar IMEP. As mentioned before, the larger amount of diesel fuel being injected into the cylinder results in a higher in-cylinder gas temperatures, sufficient for significant NOx formation [40] .
NOx exhaust gas emissions
Therefore, the temperatures resulting from the combined CH4-H2-diesel fuel combustion are likely to reach the threshold for accelerated thermal NOx formation at a lower load of 3 bar IMEP. Figure 9 also shows the NOx exhaust emissions when the engine load is increased without any CH4 or H2 addition, that is, by merely increasing the amount of diesel fuel injected. It can be observed that although the NOx levels do increase with increasing engine load when only diesel fuel is used, the rise in NOx levels is not as rapid as observed in the case of CH4-H2 mixture combustion. As explained above, diesel combustion occurs at close-to-stoichiometric conditions, whereas the aspirated CH4/H2-air mixtures are considerably below stoichiometric levels. Hence, as the supply of CH4-H2 mixture to the engine is increased (that is, the in-cylinder mixture proceeds towards stoichiometric conditions), it is likely that the increase in temperatures is significantly greater than that obtained just with increasing diesel fuel, resulting in the rapid increase in NOx emissions.
4.4.
Particulate exhaust emissions Figure 10 shows the exhaust emissions of total particulate mass (PM) for the two pilot diesel fuel IMEPs of 0 bar and 1.5 bar, at various engine loads and CH4-H2 mixture proportions, in both μg/cc and g/kW·h. It can be observed that for both the pilot diesel IMEPs and for all CH4-H2 mixture proportions, the level of PM emissions does not increase with increasing engine load (achieved by increasing the CH4-H2 mixture supply) up to 6 bar IMEP, beyond which a rapid increase in PM emissions is seen. The introduction of CH4 and H2 in the cylinder is likely to have two competing effects on PM formation, increased oxidation rates and increased pyrolysis rates. It is possible that for engine loads above 6 bar IMEP, the displacement of intake air by CH4 and H2 leads to sufficient reduction in O2 availability for hydrocarbon combustion, resulting in increased pyrolysis rates.
Comparing the particulate mass in units of μg/cc and g/kW·h, while the absolute values of particulate mass are different in some cases, the observed trends in the change in particulate mass with load are consistent between the two different units. Figure 10 also shows the total particulate mass (PM) emissions when the engine load is increased without any CH4 or H2 addition, that is, by merely increasing the amount of diesel fuel injected. It is interesting to note that at engine loads of 5, 6 and 7 bar IMEP, the PM emissions from diesel only engine operation are significantly higher as compared to diesel fuel-CH4-H2 combustion. This is, in part, due to replacing the diesel fuel with 'zero' carbon H2, but also shows that CH4 tends very little towards the formation of particulates as compared to diesel fuel. This could be due to the aspirated CH4 being well mixed with the intake air, while the injected diesel fuel spray contains fuel-rich and oxygen deficient core regions where the majority of the particulates originate from [40] . For all engine loads shown in Figure 11 , the reductions in PM emissions lie in the top half of the graph (above the 1:1 dashed line), implying a beneficial effect of replacing diesel fuel with CH4-H2 mixture on PM reduction beyond simple fuel carbon displacement. For example at a constant engine load 4 bar IMEP, a 20% reduction in fuel carbon causes up to 60% reduction in particulate matter. As previously discussed, this is due to premixed CH4 having a lower tendency of forming particulates as compared to the injected diesel fuel (which will always have regions of rich stoichiometry). Now comparing the reduction in PM emissions between different engine loads, an increase in the percentage reduction in PM emissions can be observed from Figure 11 as the engine load increases from 3 bar to 5 bar IMEP. However, as the engine load is further increased to 7 bar IMEP, the percentage reduction in PM emissions decreases. It should be remembered here that all the tests were conducted at a fixed diesel fuel flow into the engine (equivalent to pilot diesel fuel IMEP of 1.5 bar), and any increase in engine load was achieved by increasing the amount of CH4-H2 mixture being aspirated into the engine (hence displacing intake air). It is likely that the increase in the supply of CH4-H2 mixture to the engine (to increase the engine load up to 5 bar IMEP) resulted in higher incylinder gas temperatures, leading to higher carbon oxidation rates and lower PM emissions.
However, as the amount of aspirated CH4-H2 mixture is further increased (to increase the engine load above 5 bar IMEP), the effect of O2 unavailability for PM oxidation becomes more important than the increase in in-cylinder temperatures arising from higher CH4/H2-air equivalence ratios. (with only a small quantity of pilot diesel fuel), there is a large reduction in particulates (of up to 90%) in comparison to when the engine is run at 5 bar IMEP using only diesel fuel. This could be ascribed to the lower carbon/hydrogen ratio of CH4 (compared with that for diesel fuel); and also, due to the fact that CH4 is premixed and at a lean stoichiometric ratio. Figure 11 further shows that at 5 bar IMEP when the CH4 is progressively substituted by H2 there is no additional benefit in reduction of particulates. One explanation for this is that CH4 hardly make any particulates, and its substitution with H2 could not be expected to provide any benefit in terms of further reduction in particulates. Furthermore, it could be concluded that the H2 is not providing any benefit in helping to reduce the particulates formed by the pilot diesel fuel.
4.5.
In-cylinder gas sample composition Figure 12 (a) shows the CO2 concentration in gas samples extracted from the engine cylinder at various CAD degrees ranging between -20 CAD and 100 CAD ATDC, with the two sampling arrangements ( Figure 5 ). The amount of diesel fuel being injected into the cylinder was kept fixed (equivalent to 1.5 bar pilot diesel IMEP), and the overall engine load of 4 bar IMEP achieved by aspirating the necessary amount of CH4-H2 mixture with the intake air. At -20 CAD ATDC, the CO2 concentration is quite similar at the four test conditions; this is expected, since at this time in the engine cycle no diesel fuel has been injected in to the cylinder, nor has combustion taken place. ATDC), between the two different CH4-H2 mixture proportions used, it can be seen from Figure 12 (a) that mixtures with a higher proportion of CH4 (than H2) yield a higher amount of CO2. Now, comparing the post ignition in-cylinder CO2 concentration between the two sampling arrangements, it can be observed that, for both CH4-H2 mixtures, the CO2 concentration is higher between the sprays than in the spray core. Therefore, considering the differences in the CO2 concentrations, the region in between two diesel fuel sprays could be expected to have a higher concentration of CH4-air mixture which burns to form CO2. In contrast, the lower CO2 concentration within the diesel spray core region could be attributed to the lack of air entrainment in the fuel spray, especially during the initial stages of combustion. Furthermore, the difference in the in-cylinder CO2 concentrations could just be due to the relative amounts of carbon in the injected diesel fuel (to achieve a pilot diesel IMEP of 1.5 bar) and in the aspirated CH4. Beyond 20 CAD ATDC, the CO2 concentration at the four test conditions slowly decreased as the expansion stroke progressed. This is assumed to be the result of the burned gas products become further diluted with the unreacted intake air that moves from within the piston bowl to the region above the piston during the expansion stroke. between the two sampling arrangements, it can be observed that the CO concentration is higher within the spray core when the aspirated CH4:H2 mixture has a higher proportion of CH4. In contrast, when the CH4:H2 mixture being supplied to the engine has a higher proportion of H2, the CO concentration is lower within in the spray core. sampling arrangements, it can be observed that NOx levels are higher when H2 is present in a greater proportion in the aspirated CH4-H2 mixture. As previously discussed, H2 exhibits a shorter ignition delay, combusting closer to TDC and resulting in higher gas temperatures reached inside the cylinder. Since NOx formation is primarily a thermal process [39, 41, 42] , higher in-cylinder gas temperatures can be expected to result in higher NOx formation rates.
Now, comparing the NOx concentration between the two sampling arrangements (within the diesel fuel spray core and between two sprays) at 20 CAD ATDC, it can be observed from Figure 13 (b), for both CH4-H2 mixture proportions, that NOx levels are higher in the region between the two sprays as compared to within the spray core. These results are consistent with the in-cylinder NOx concentration results obtained from H2-diesel fuel co-combustion experiments conducted previously by the author [31] . During the initial stages of combustion, the entrainment of air into the diesel fuel spray cone due to the turbulent swirling motion inside the cylinder results in the mixing of the fuel vapour at the periphery of the spray with the intake charge, especially in the region between the individual sprays [24] . As mentioned previously, it is expected that autoignition first occurs at these near stoichiometric diesel fuel vapour-air pockets around the fuel sprays [40] and results in the rapid burning of both premixed diesel vapour and the CH4/H2-air mixtures (which occur in a higher concentration between fuel sprays as compared to within the spray core during these initial stages of combustion) around the diesel fuel ignition sites. It is suggested that the temperature rise from the combined diesel fuel-CH4-H2 combustion exceeds the threshold for accelerated thermal NOx formation, resulting in high NOx levels in the region between two individual sprays. On the other hand, the lower NOx concentration in the spray core (at about 20 CAD ATDC) may possibly be attributable to the relatively low concentration of entrained air into the diesel fuel rich spray core during the initial stages of combustion (prior to complete spray break up), resulting in lower postcombustion temperatures and hence, reduced NOx formation. Additionally, some of the energy released in this fuel rich region may be expected to have been absorbed for fuel pyrolysis [35] , possibly leading to lower gas temperatures and NOx formation rates.
An interesting phenomenon can be observed in Figures 12 and 13 , whereby beyond 30 CAD ATDC the in-cylinder CO2 and NOx levels decrease while, for the same period, the in-cylinder CO and THC levels increase. One would expect that the decrease in CO2 and NOx levels due to mixing with unreacted air would also be reflected in reductions in CO and THC. A potential explanation for this apparent contradiction might relate to a reduction in combustion temperature (hence in fuel oxidation rates), due to mixing of the combustion zone with unreacted air plus the expansion of the engine cylinder volume, which could have caused the concentration of partially oxidized products (CO and THC) to rise despite their concentrations also being diluted at the same time by mixing with unreacted air.
Conclusions
The following points summarise the main results from the work carried out this paper:
1. The use of CH4-H2 mixtures in CI engines can potentially counter the drawbacks associated with separate CH4 and H2 combustion, such as the slow flame propagation velocities of CH4, or phenomenon such as backfire and knock encountered when combusting H2.
2. For same CH4-H2 mixture proportion and engine load, shorter ignition delay periods and higher peak heat release rates closer to the engine TDC position were observed with a higher amount of pilot diesel fuel flow rate. Increasing the proportion of H2 in the CH4-H2 mixture also reduced the ignition delay period and increased peak heat release rates, but only at high engine loads above 6 bar IMEP.
3. At all engine loads, exhaust CO2 emissions were considerably lower when operating the engine on CH4-H2 mixtures relative to diesel fuel only engine operation, attributable to the lower carbon to hydrogen ratio of CH4 compared to diesel fuel.
4. For all CH4-H2 mixtures tested, the exhaust CO and unburned THC emissions were observed to be considerably high (compared to diesel fuel only operation) below 4 bar IMEP due to low temperature quenching effects. Above 4 bar IMEP, the increased in-cylinder temperatures enabled improved CO and hydrocarbon oxidation rates and hence, decreased CO and unburned THC emissions.
5. For both fixed pilot diesel fuel IMEPs of 0 bar and 1.5 bar, NOx emissions were observed to increase rapidly with increasing engine load, but only when the in-cylinder temperatures due to combined diesel fuel and CH4-H2 mixture combustion exceeded the temperature threshold for NOx formation.
6. Significant reductions in PM emissions were observed when diesel fuel was replaced with CH4-H2 mixtures. For a fixed pilot diesel IMEP, the magnitude of PM reduction increased when the engine load was increased up to 5 bar IMEP (by increasing the supply of CH4-H2 mixture). Increasing the engine load above 5 bar IMEP, significantly lowered the magnitude of PM reduction, attributable to excessive displacement of intake O2 by the CH4-H2 mixture.
7. In-cylinder gas sampling experiments were conducted to observe the spatial and temporal variations in stable species formed within the combustion chamber. During the early stages of combustion, an appreciable contrast was observed in the concentration of pollutant species between the two sampling arrangements considered (between the sprays and within the spray core). While in the later stages of engine cycle, the distinction in species concentration (between the two arrangements) was considerably less, attributable to the effects of turbulent mixing as the expansion stroke progressed.
8. Comparing the NOx levels obtained with the two sampling arrangements, the NOx concentration was higher in the region between the sprays as compared to within the spray core. This was attributed to higher temperatures reached post ignition, in the region between two individual fuel sprays due to presence of a higher concentration of CH4-H2 mixture in that region (as compared to within the spray core).
9. The observed trends in exhaust emissions with different CH4:H2 mixtures were observed to correspond with the trends in in-cylinder species concentrations. As an example, both the exhaust gas and in-cylinder NOx levels were observed to increase with increasing proportion of H2 in the aspirated CH4-H2 mixture. 
Nomenclature

